Tropomyosin (Tm) is a two-chained, α-helical coiled-coil protein that associates end-to-end to form a continuous strand along actin filaments and regulates the functions and stability of actin in eukaryotic muscle and nonmuscle cells. Mutations in Tm cause skeletal and cardiac myopathies. We applied a neoteric molecular evolution approach to gain insight into the fundamental unresolved question of what makes the Tm coiled coil an actin binding protein. We carried out a phylogenetic analysis of 70 coding sequences of Tm genes from 26 animal species, from cnidarians to chordates, and evaluated the substitution rates (ω) at individual codons to identify conserved sites. The most conserved residues at surface b, c, f heptad repeat positions were mutated in rat striated muscle αTm and expressed in Escherichia coli. Each mutant had 3-4 sites mutated to Ala within the first half or the second half of periods 2-6. Actin affinity and thermodynamic stability were determined in vitro. Mutations in the first half of periods 2, 4, and 5 resulted in the largest reduction in actin affinity (>4-fold), indicating these mutations include residues in actin-binding sites. Mutations in the second half of the periods had a ≤2-fold effect on affinity indicating these residues may be involved in other conserved regulatory functions. The structural relevance of these results was assessed by constructing molecular models for the actin-Tm filament. Molecular evolution analysis is a general approach that may be used to identify potential binding sites of a protein for a conserved protein.
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cytoskeleton | muscle regulation | protein evolution | actin filament structure T he actin cytoskeleton has widespread functions including determination of cell shape, cellular migration, cytokinesis, and intracellular transport to name a few (1) . The functional diversity of the actin cytoskeleton primarily depends on actin's ability to bind numerous other proteins that regulate its polymerization kinetics and function with myosins, as well as the ability of actin filaments to assemble into higher order structures. Many actin-binding proteins are the final targets in signaling pathways.
The cooperative regulation of myosin interaction with actin in motile processes, force development, and the stabilization of actin filaments from severing proteins in muscle and nonmuscle cells all depend on the actin-binding protein tropomyosin (Tm) (2). Tropomyosin's role in striated muscle contraction is the best characterized, where Tm in complex with troponin regulates the cooperative binding of myosin to actin in a Ca 2þ -dependent manner. Mutations in Tm are the cause of cardio-and skeletal myopathies (3, 4) . In nonmuscle cells, Tms have related roles in contractile functions such as cytokinesis, as well as regulation of actin dynamics in rapidly motile regions of the cell (2, 5) . In yeasts, the Tm genes are essential (5) .
Tropomyosin is the prototypical two-chained, α-helical coiledcoil protein (2, 6) . The α-helical coiled coil is a widely occurring protein-folding motif found in proteins that are involved in a variety of biological functions including muscle contraction, membrane fusion, transcription, and formation of filamentous structures such as those in hair, the nuclear lamina and the cytoskeleton (7). Coiled coils are classified based on a characteristic seven-residue repeat (a-g) known as the heptad repeat. The a and d interface (core) positions are usually occupied by hydrophobic residues, whereas e and g are often oppositely charged residues that can form interhelical salt bridges. The stability of the coiled coil is mainly derived from the packing of the hydrophobic sidechains at the interface positions (knobs-into-holes) and interhelical salt-bridge formation. Residues at b, c, and f positions are on the surface and are the most available for binding other molecules.
Tropomyosins from higher eukaryotes contain an uninterrupted heptad repeat pattern and associate end-to-end to form continuous strands along both sides of the helical actin filament (6) . In animals, Tms can be found as 281-284 residue high molecular weight (HMW) forms that span the length of seven actin monomers or 242-247 residue low molecular weight (LMW) forms that span six actin monomers in the filament (2, 5) . In most species there are multiple genes, with additional diversity resulting from the use of alternate promoters and alternative exon splicing. A universal function of Tm is its ability to bind the actin filament. How is binding specificity for actin encoded in this rather simple coiled-coil structure?
Although there is no high-resolution structural information available for the Tm-actin interaction, we do know the structure of approximately 95% of full-length vertebrate striated muscle Tm, including the end-to-end complex, at 2-3 Å resolution (8) (9) (10) (11) . The coiled-coil structure is not uniform along the length of the molecule. There are variations in the interhelical distance and pitch of the coiled coil (9) (10) (11) (12) . Quasi-periodic interruptions of the canonical hydrophobic interface by alanines ("Ala clusters") or other destabilizing residues introduce local flexibility or instability in the coiled-coil interface and bends and staggers in the molecule (8, 13, 14) . The destabilization is required for actin binding (15) (16) (17) .
Whereas there are atomic resolution structures of many actinbinding proteins, there are none of proteins in complex with the actin filament. Instead, atomic models based on reconstructions from electron micrographs and helical diffraction data are employed (18) . Numerous studies have established some of the important features of Tm required for actin binding and regulation. These include the molecular ends, an uninterrupted heptad repeat and the presence and placement of a periodic pattern of surface residues that was proposed as a recognition site on the surface of the coiled coil for binding actin (2, 14, 15, (19) (20) (21) . Nevertheless, the specific residues and interactions that are important for binding of Tm to actin remain unknown.
We have taken a fresh molecular evolution approach to gain insight into this fundamental unresolved question of what makes the Tm coiled coil an actin-binding protein. Because actin is among the most highly conserved proteins, we postulated that actin-binding sites of Tm would also be highly conserved, because a universal function is to bind actin. Here, we constructed phylogenetic trees of Tm genes from 26 animal species ranging from cnidarians (a metazoan phylum that includes jellyfish and sea anemone) to chordates and evaluated the substitution rates (ω) at individual codons. The most conserved residues at surface b, c, f heptad positions within periods 2-6 were selected for mutagenesis. The actin affinity and thermodynamic stability of the mutants were determined in vitro. Mutations in the first half of periods 2, 4, and 5 resulted in the largest reduction in actin affinity, indicating that the mutations include residues in actinbinding sites. Models for possible interacting sites on the actin filament are presented.
Results
Evolutionary Analysis. Tropomyosins are a highly conserved family of proteins. Diversity arises from the presence of various isoforms that are produced by the use of alternate promoters (exons 1a/b) and alternative splicing of three exons: 2a/b, 6a/b, and 9a-d, that are expressed in a developmental-and tissue-specific manner from 4-6 genes (in vertebrates) ( Fig. S1 ) (5) . Invertebrate Tms either have no alternate exons or have alternative splicing of exons that are constitutive in the vertebrates (22) . The difference in length of HMW and LMW forms arises from the use of alternate promoters for exons 1a and 2 or 1b.
A dataset of 70 coding sequences of Tm genes from all available isoforms in 26 species within metazoan phyla ranging from cnidarians to chordates (Table S1 ) was assembled to construct trees using two different approaches for phylogenetic analyses: maximum-likelihood (GARLI 1.0) and Bayesian (MrBayes v3.2) (23, 24) . Species were selected based on the availability of annotated genomic data, and to obtain depth in the phylogenetic tree. Expressed sequences encoded by each gene were edited to create a single sequence with the exons in the same order as in the genomic DNA. For example, sequences of 7 variants encoded and expressed by the human TPM1 gene (Table S1 ) were merged into a sequence in which the exons are in the genomic order shown in Fig. S1 . The sequence corresponds to the genomic DNA sequence minus the noncoding regions. We aligned the sequences in this manner to define the evolutionary relationship amongst Tms. The evolutionary analysis was of the DNA sequences of homologous exons, to distinguish sequences that have diverged following exon duplication. The protein sequences were used to construct "genome-based" phylogenetic trees and the DNA sequences for the evolutionary analysis. Analysis of the introns and possible coevolution with actin were beyond the scope of the present study.
The consensus trees generated from the Bayesian and maximum-likelihood analyses showed similar topologies with good branch support (>60%) for major branches (Fig. 1A) . Our trees are in general agreement with previously published Tm trees based on a subset of exons (25) . The trees show the expected phylogenetic relationships among species (26) except for echinoderms and hemichordates. Echinoderms and hemichordates are known to be sister phyla to the chordates, but in our trees they branch out with cnidarians indicating a closer relationship to these "lower" invertebrates than to chordates. The long branch lengths observed for these species also indicates significant divergence of their TPM genes from the most recent ancestor (SI Text).
Based on the trees, substitution rates (ω) at individual codon sites of Tm were determined using PAML 4.1 (27) , where ω ¼ d N ∕d S ; d N and d S are the nonsynonymous (encodes a different amino acid) and synonymous (encodes the same amino acid) substitution rates, respectively. Thus, ω < 1, ω ¼ 1, and ω > 1 represent negative selection, neutral evolution and positive selection, respectively. The ω values were plotted against the Tm sequence consisting of exons 1a-2b-3-4-5-6b-7-8-9a (Fig. 1B  and Fig. S2A ). The alternate exons 1a, 2b, 6b, and 9a are represented in >90% of our sequences, therefore the analysis was carried out with these exons. Moreover, these exons are present in the 284-residue striated muscle αTm sequence, the construct used for our mutagenesis studies. ω values were initially determined for a dataset of 60 coding sequences from 19 species within deuterostome phyla including chordates, hemichordates, and echinoderms. Mutagenesis studies following the PAML analysis were based on the deuterostome dataset.
The amino acids with average ω ≤ 0.015 were selected as the conserved sites (Table S2 ). The cutoff of ω ≤ 0.015 was arbitrary. A total of 91 out of 284 residues had ω ≤ 0.015, based on the metazoan dataset. The conserved sites were split into three categories based on their position in the heptad repeat: 25 at a, d (interface positions); 35 at e, g (potential interhelical salt-bridge interactions); and 31 at b, c, f (surface positions) (Fig. S2B) . Fourteen residues were identical in all metazoan sequences (Fig. 2) . Based on the deuterostome dataset, 103 sites had ω ≤ 0.015, with 24 at a, d; 38 at e, g; and 41 at b, c, f heptad positions (Fig. 1C) . Of the 24 residues in Tm where mutations cause skeletal and cardiomyopathies, 10 were at the conserved sites (Fig. 1C) . There was a predominance of charged residues at the conserved sites indicative of their participation in specific interactions. Hydrophobic residues were less conserved presumably because their interactions are nonspecific even though the binding involves a hydrophobic component.
Mutagenesis Strategy. Conserved residues (ω ≤ 0.015) at surface b, c, f positions, based on the deuterostome dataset, were selected for mutagenesis studies because surface residues are more likely to bind actin. They are also less likely to be important for maintaining interhelical packing compared to residues at a, d or e, g positions. Some of the conserved b, c, f residues in the deuterostome dataset did not have ω ≤ 0.015 in the metazoan dataset (Table S2) ; however they were all conserved in charge or as polar or hydrophobic residues. Therefore, their selection for mutagenesis remains valid.
Vertebrate muscle Tm spans the length of seven actin subunits in the actin filament, and has been proposed to have seven quasiequivalent periodic binding sites, designated as periods P1-P7 (14, 19, 20) . The conserved surface b, c, f residues in periods 2-6 were mutated to Ala in a rat striated muscle αTm cDNA (encoded by TPM1) modified to express an Ala-Ser extension at the N-terminal end to increase actin affinity (28) . We did not include periods 1 and 7 in our mutagenesis studies because mutations in these regions disrupt end-to-end association between Tm molecules resulting in severely reduced actin affinities (29) . Each mutant had 3-4 sites mutated within the first half (-1-) or the second half (-2-) of each period (Fig. 2 ). Mutations were also introduced to test the "null" hypothesis that poorly conserved residues are not involved in actin binding. We selected residues at b, c, f positions that had the highest ω values (>0.045) and were variable in class in the sequence alignment for testing the null hypothesis, and mutated them to Ala. Mutations were in the first half of periods 2 and 4, with 3 sites in each mutant.
Actin Affinity. The actin affinity of the Tm mutants was determined by cosedimentation with F-actin ( Fig. 3 A and B and Fig. S3 ). All mutants were able to bind actin but with different affinities (Table 1 ). The P2-1-KDDE, P4-1-RKV, P4-1-RKVE, and P5-1-REEE mutants had the largest effect resulting in >4-fold reduction in actin affinity compared to wild type (WT). These constructs have mutations in the first half of periods 2, 4, and 5. The P4-1-RKVE construct contains an additional E139A mutation compared to P4-1-RKV. Because both constructs have similar actin affinities, the E139A mutation does not appear to affect actin binding. Mutations in the first half of periods 3 and 6, and in the second half of periods 2-6 had a comparatively smaller effect (approximately twofold) or no effect on actin affinity (Table 1) . P2-null-KKD and P4-null-QEI had <2-fold difference in affinity compared to WT, supporting the null hypothesis that poorly conserved residues are less important for actin binding.
Thermal Stability Using Circular Dichroism (CD). The thermal unfolding of the Tm α-helical coiled coil was measured by CD. The thermal unfolding data did not show any major change in the stability of the Tm mutants compared to WT (Fig. 3 C and D and Fig. S4 ). The overall melting temperature, T M , of all mutants was within 2°C of the WT T M (Table 1) . Tropomyosin undergoes multiple thermal transitions, where the first and minor transition corresponds to unfolding of the middle of the molecule (residues 130-190), the second and major transition corresponds to unfolding of the rest of the molecule or the C-terminal region, and the third transition (when present) corresponds to unfolding of the N-terminal region (30) . The P2-1-KDDE and P2-2-EKD mutants showed a third unfolding transition with a midpoint at about 58°C (Fig. 3C) indicating that the N-terminal region is stabilized in these mutants. This could be attributed to the high helix propensity of Ala (31) . Previous studies have shown that regions with destabilizing core residues such as Ala are required for actin binding and that stabilization of these regions leads to decreased Bayesian posterior probabilities and maximum-likelihood bootstrap values are measures of the probability that the observed branches are "true," and are shown above and below major branches, respectively. All other branches had >50% posterior probabilities but some branches within the vertebrates were not as well supported in the maximum-likelihood analysis (bootstrap values <50%). TPM1-4 are vertebrate genes, and TPM11, 12, 41, 42 are teleost duplications. TPM1-4 correspond to the vertebrate α-, β-, γ-and δ-Tm genes, respectively. The invertebrate genes are named TPMI-III, where the numbers I, II, or III were assigned arbitrarily. Dro.mel_TPMI and II correspond to the Drosophila melanogaster Tm1 and Tm2 genes, respectively. The Bombyx mori genes were named Bom.mor_TPMI and II based on sequence similarity to the D. melanogaster genes; (B) average ω values of a 284-residue Tm sequence with exons 1a-2b-3-4-5-6b-7-8-9a. The black bar represents ω ¼ 0.015; and (C) conserved residues with ω ≤ 0.015 at heptad repeat positions a-g shown in the striated muscle αTm structure (exons 1a-2b-3-4-5-6b-7-8-9a) (1C1G) (12) . Conserved residues (ω ≤ 0.015) where mutations cause skeletal and cardiomyopathies are shown in black. (B) and (C) are based on the deuterostome dataset. actin affinity (17) . Both P2-1-KDDE and P2-2-EKD have mutations in period 2 and show stabilization of the N-terminal region, but only P2-1-KDDE showed a >4-fold decrease in actin affinity, whereas P2-2-EKD had an actin affinity similar to WT. The period 3 mutants also showed stabilization of the N-terminal region with a transition midpoint at about 55°C (Fig. S4A) . The P2-null-KKD and P4-null-QEI mutants have overall T M s similar to WT (Table 1) . These results indicate that the reduced actin affinity of certain mutants reflects binding specificity and is not the consequence of changes in helical stability.
Differential Scanning Calorimetry (DSC) of Tm Bound to F-actin. We carried out DSC studies of Tm mutants to determine the effect of actin binding on the thermal stability of Tm (Fig. S5) . Binding of Tm to phalloidin-stabilized F-actin results in a third highly cooperative transition (T M3 , Fig. 4 ), compared to Tm alone (T M1 and T M2 , Fig. 4) (Table 1 ). This transition correlates with the thermal unfolding of Tm bound to F-actin, accompanied by its dissociation from F-actin. T M1 and T M2 correspond to the unfolding of the C-terminal and N-terminal regions of free Tm, respectively. The C-terminal region of Tm is stabilized on binding actin and the actin-induced transition (T M3 ) originates mainly from the unfolding of the stabilized C-terminal region accompanied by cooperative dissociation of Tm from actin (32) . The extent of this stabilization can be measured by the difference between the transition midpoints in the presence (T M3 ) and absence (T M1 ) of F-actin (ΔT M ¼ T M3 − T M1 ) ( Table 1) . Because the unfolding of the N-terminal region (T M2 ) occurs at a temperature above the temperature of dissociation from actin (T M3 ), there is no change in T M2 upon binding actin. Binding of WT-Tm to F-actin results in approximately 5°C stabilization ( Table 1) . The P2-1-KDDE, P4-1-RKV, and P5-1-REEE mutants showed smaller stabilizations (ΔT M < 3°C) upon binding actin compared to WT ( Table 1 ). The smaller ΔT M s correlate with the weaker actin affinity of these mutants. The P2-null-KKD and P4-null-QEI mutants, which have actin affinities similar to WT, showed ΔT M > 4°C, closer to the ΔT M of WT.
Discussion
In the present work we adopted a molecular evolution-based approach as an independent and model-free way to learn how the tropomyosin coiled coil is designed to bind to and cooperatively regulate the actin filament. The emphasis herein has been actin binding. We carried out an evolutionary analysis of Tm followed by mutagenesis studies in which highly conserved residues at b, c, f surface positions within the first half or second half of periods 2-6 were mutated to Ala. Mutations in the first half of periods 2, 4, and 5 caused the largest reduction in actin affinity (>4-fold), inferring that these mutations include residues in actin-binding sites. The major effect of the Ala mutations was on actin affinity rather than on cooperativity of binding. Binding of Tm to actin consists of weak, but specific interactions without involving a "lock-and-key" type of stereo-specific complementarity. The affinity of individual Tm molecules for actin is weak (K app ¼ 2-3× 10 3 M −1 ) (33) and that of individual actin-binding sites within each molecule even weaker. Therefore a >4-fold reduction in affinity is a significant effect for the mutation of only 3-4 surface residues. Because P3-1-EE and P6-1-K had only 2 and 1 mutated sites, respectively, it is inconclusive whether the first half of these periods is involved in actin binding. Mutation of residues in the Table 1 . The actin affinity, and T M s from the ellipticity at 222 nm (CD) and DSC melts of Tm mutants (Fig. 3 A and B and Fig. S3 ). †
The T M is the temperature at which the ellipticity at 222 nm, normalized to a scale of 0 to 1, is equal to 0.5 ( Fig. 3 C and D and Fig. S4 ). ‡
The T M values are shown with standard error and were obtained by fitting the heating curves to a non-two state model in Origin 5.0. T M1 and T M2 represent Tm transitions obtained in the absence of F-actin (scan 3); T M3 is the transition corresponding to dissociation and unfolding of F-actin-bound Tm (scan 2) (Fig. 4 and Fig. S5 ). ΔT M ð¼ T M3 − T M1 Þ represents the stabilization of Tm on binding F-actin.
second halves of periods has a smaller effect on actin affinity, as previously reported for a D121N mutation that is lethal in Drosophila (34, 35) . Those conserved residues may be more important for tropomyosin's regulatory functions than for binding actin. How do the conserved residues correspond to those proposed in other models for periodic actin binding sites on Tm? Analysis of the seven periodic repeats of vertebrate striated muscle αTm identified a pattern of charged and hydrophobic residues, six at b, c, f and one at an e position (indicated by asterisks in Fig. 2 ) in the first half of each repeat (20) that approximately corresponds to the "α-sites" of McLachlan and Stewart (14) . Of the 49 residues in the periodic repeats, 22 are at evolutionarily conserved sites in the deuterostome dataset (18 in the metazoan dataset). Of these, we mutated 11 b, c, f positions to Ala. In the P2-1-KDDE, P4-1-RKV and P5-1-REEE mutants with the most reduced actin affinity, 8 mutations are at sites in the pattern, whereas 3 are not (Fig. 2) . On the other hand, 2 of the 3 residues mutated in P3-1-EE and P6-1-K are at sites in the repeat pattern, yet the effect on actin affinity was small. Of the six poorly conserved residues identified in the first halves of P2 and P4 to test the null hypothesis, four are in the pattern. Therefore, we conclude that whereas some residues in the pattern may participate in actin binding, they are not equally important. Other sites are involved, and the seven periodic repeats are distinct in character, consistent with a variety of functional studies (36, 37) .
The possibility remains that the mutations may have a global rather than a specific effect on conformation, a concern with any protein modification. Conformational analyses show that the mutations have small effects on the T M of unfolding, indicating that there is not a gross stabilization. More relevant is that comparable mutations in the second halves of the repeats and in poorly conserved residues to test the null hypothesis caused little or no reduction in actin affinity. If Ala mutations had a global effect, the mutations would likely reduce affinity, regardless of the period and position within.
In the absence of a high-resolution structure for the actin-Tm filament, we built working molecular models by docking highresolution Tm structures to a proposed actin binding site in a 6.6 Å resolution F-actin structure (38) to assess the structural relevance of our computational and experimental findings (Fig. 5 ). Our models are based on Brown et al. (9), who identified a charged and hydrophobic patch on the actin subunit that they proposed binds via favorable electrostatic and hydrophobic interactions to residues in the N-terminal region of period 5 (P5), a region we showed to be important for actin binding (15) .
Because the interacting residues of Tm in P5 proposed by the previous model (9) include the mutated residues in P5-1-REEE, these residues served as our starting point for model construction (see SI Text). Our model for P5 shows favorable electrostatic interactions between Tm residues R167, E177, and E181 with Fig. 4 . DSC scans of WT-Tm in the presence and absence of F-actin. 15 μM Tm was mixed with phalloidin (36 μM) stabilized F-actin (24 μM) in 100 mM NaCl, 10 mM Hepes, pH 7, 2 mM MgCl 2 , and 1 mM DTT. Scan 1: The sample was heated from 0-70°C and cooled. This curve corresponds to the unfolding of actin-bound Tm (16, 32) . Scan 2: The sample was heated from 0-90°C leading to irreversible denaturation of F-actin and cooled. Scan 3: The sample was heated from 0-70°C. This curve corresponds to the unfolding of Tm in the absence of actin. Because thermal unfolding of Tm is reversible up to 70°C, scans 1 and 2 are identical, and our analysis was based on scans 2 and 3. The T M values were obtained by deconvolution of the heating curves using a nontwo state model in Origin 5.0. Scan 2 (Tm with F-actin -black solid line) and scan 3 (post-F-actin denaturation Tm -gray dotted line) are shown. DSC scans for the Tm mutants are shown in Fig. S5 . (9); (D) P6-P7 (PDB ID code 2D3E) (11); and (E) overlap structure of P7 and P1 (PDB ID code 2G9J) (10) . Residues 15-32 in the overlap structure, 2G9J, are from a GCN4 sequence, and were replaced with the corresponding rat striated αTm sequence in our model. The F-actin structure is from Fujii et al. (PDB ID code 3MFP) (38) . The Tm residues that were mutated in this study are underlined. The white bar represents proposed electrostatic interactions between Tm residues that were mutated and actin residues. The model was constructed using the University of California, San Francisco (UCSF) Chimera package (39) , and is simply provided as a working model. the actin residues D25, K326 and K328, respectively, and P333 in actin with V170 in Tm (Fig. 5C) . In P4-1-RKVE, the mutant that caused the greatest reduction in actin affinity (Fig. 5C) , three of the four residues (RVE) show similar relationships to the actin subunit as in P5. Mutated sites in P2-1-KDDE (K48, D58, E62; Fig. 5A ), and residues in P3 (R90, E97, E104; Fig. 5B ), and P6 (D219, E223; Fig. 5D ) all show similar interactions with actin residues D25, K326, and K328. In P6, K213 may interact with P333 via its hydrophobic side chain. The interaction pattern is maintained in additional models, including the overlap complex, with P1 (K6, E16, D20; Fig. 5 A and E) and P7 (R244, D254, D258; Fig. 5 D and E) . Period 5 residue K205 (P5-2-EKNK) interacts with D25 of actin (Fig. 5 C and D) , mirroring the basic residue interactions present in P1-P5 and P7, and may serve as an analog for that position in P6, where the corresponding residue in the period is Ala (A209). The proposed interacting residues are consistent with an atomic model of Tm-actin that was published after the submission of this manuscript (40) .
Together these results give a plausible structural basis for the loss of actin affinity when the conserved residues were mutated, while illustrating the individual character of each periodic repeat. In our models most of the mutated residues in the second half of each period would not be predicted to interact with actin without a shift in the azimuthal relationship of Tm to actin, consistent with the small effect of mutations in these regions on actin affinity. Our model is based on other models in which one chain of Tm interacts with subdomains 1 and 3 of actin, whereas the other chain may interact with residues in subdomain 4 that have been implicated in other studies (41, 42) .
In conclusion, evolutionary analysis of coding regions of Tm's genes identified conserved residues in all positions of the coiledcoil heptad repeat. Mutation of surface residues followed by conformational and functional analysis identified residues in the first half of each period involved in binding actin. The results together with model building indicate that Tm's periodic repeats are quasi-equivalent although specific in structure and function. Additional residues may be involved in regulatory function. Finally, evolutionary analysis provides a general approach to identify potential binding sites for a conserved protein.
Materials and Methods
Evolutionary Analysis. Details regarding data acquisition (Table S1 ), sequence alignments (Dataset S1), phylogenetic tree construction, and evolutionary analysis are available in SI Text.
DNA Construction and Protein Purification, Circular Dichroism Measurements, Actin Binding Assays, and Differential Scanning Calorimetry Measurements. Details about the experimental methods are available in SI Text and Table S3 .
Construction of Tm-Actin Model. Details about model construction are available in SI Text.
